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Abstract 
The diagnosis of late onset sepsis in premature infants 
remains difficult because clinical signs are subtle and 
non-specific and none of the laboratory tests, including 
CRP and blood culture, have high predictive accuracy. 
Heart rate variability (HRV) analysis emerges as a 
promising diagnostic tool. Entropy and long-range 
fractal correlation are decreased in premature infants 
with proven sepsis. Besides this, respiration and its 
relations to HRV appear to be less. The objective of this 
study was to determine if analysis of time-frequency 
correlations between the heart rate and respiration 
amplitude may help for the diagnosis of infection in 
premature infants. An estimator of the linear relationship 
between nonstationary signals, recently introduced,  is 
explored. The tests were performed on a cohort study of 
60 premature infants. The results show that the 
correlation in the low frequency band tended to be higher 
in the sepsis group.  
1. Introduction 
Late-onset sepsis, defined as a systemic infection in 
neonates older than 3 days, occurs in approximately 10% 
of all neonates and in more than 25% of very low birth 
weight infants who are hospitalized in neonatal intensive 
care units. In view of the high morbidity and mortality 
associated with infection, reliable markers are needed. 
Recurrent and severe spontaneous apneas and 
bradycardias is one of the major clinical early indicators  
of systemic infection in the premature infant. It requires 
prompt laboratory investigation so that treatment can start 
without delay. Various hematological and biochemical 
markers have been evaluated in this indication but they 
are invasive procedures that cannot be repeated several 
times.  
Heart rate variability measurements such as a 
decreased approximate entropy >1, 2@ or sample entropy 
>3@  are significantly associated with sepsis or sepsis-like 
illness in premature infants. These diagnostic tools are 
non invasive, easily available and fast. 
This work can be viewed as a supplementary work in 
this direction. The following question is addressed: Could 
the association between heart rate variability and 
respiration in a selected population of sick premature 
infants be used as a diagnosis tool of late onset sepsis?  
In this paper, a novel estimator for characterizing the 
evolution of linear relationship between signals, in the 
time-frequency domain, is used >4@. This estimator is 
based on the computation of the correlation between 
Heart Rate Variability (HRV) and respiration signals 
filtered, in narrow and overlapping frequency bands, 
using a continuous filter bank >4@. The description of the 
method is proposed in the first section. Then, the protocol 
-including data collection, statistical tools, inclusion and 
exclusion criteria-, is described. Results are reported in 
the third section while interests and perspectives are 
drawn in the conclusion section. 
2. Methods 
For the past decades, numerous signal processing 
approaches have been proposed to measure the degree of 
association (in a general sense, i.e. interdependency). 
These methods may be divided into two categories 
depending on whether or not the nonlinear nature of the 
relationship is taken into account.  Linear methods were 
developed first. Many estimators based on linear cross-
correlation or coherence function were proposed. For the 
second group, mutual information [5] and on nonlinear 
regression [6, 7]) were introduced in the EEG field. More 
recently nonlinear dynamical systems and chaos [8, 9]) 
were designed.  
In a recent previous work, we studied the 
interrelationship between HRV and respiration and 
  
demonstrated a decrease in the non linear regression 
coefficient for the sepsis population >10@. Unfortunately, 
if nonlinear methods have the capability to account for 
the nonlinearity of relationship, they are generally 
independent from frequency, a key parameter in the heart 
rate variability and its interrelationship with the 
respiration. On the opposite, linear methods do not 
analyze the nonlinear property of relationship but they 
can characterize its dependence on frequency. However, 
It is known [11] that the coherence function provided 
estimators generally with strong bias and variance. To 
alleviate these difficulties, a new estimator was recently 
proposed and can be of interest for our purpose >4@. It 
uses a local linear correlation coefficient, computed at the  
outputs of narrow band-pass filter, as the function of 
frequency and time, which is maximized for time delay. 
To our knowledge, the application of this latter method in 
the cardio-respiratory field has never been reported. Let 
us briefly recall the method: 
We consider two observations, x(t) the HRV signal 
and y(t) the respiration signal. The problem is to 
characterize the statistical relationship, simultaneously in 
the time and frequency domains, between the 
nonstationary signals  x(t) and y(t). The estimation of the 
local linear correlation coefficient is given by : 
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where  xf(t) and yf(t) are zero-mean and narrow band 
filtered signals over a sliding window of duration H 
(Figure 1a) of an appropriate filter bank (Figure 1b). 
R
2
x,y(t,f) is computed with different delays W between the 
two windows. This last one is derived from the Short-
Time Fourier Transform (STFT). 
 
3. Results 
Data were obtained from a cohort of 60 premature 
infants (post-menstrual age < 33 weeks and chronological 
age > 72 hours) hospitalized in the neonatal intensive 
care unit at the university Hospital of Rennes. The infants 
were placed in bassinets, positioned on their side, 
wrapped by a single blanket roll, and loosely covered by 
another. The monitoring (Powerlab system®, 
ADInstruments) consisted of two ECG, EOG and EEG 
leads, one pulse oxymetry saturation (SaO2), nasal flow 
and abdominal respiration recordings (sampling rate 400 
Hz). Finally, babies were paired in age and weight. 
 
 
Figure 1a : Selection of the temporal support H for the 
computation of R2(t,f) with different delays W 
 
  
Figure 1b: filter bank derived from short time Fourier 
Transform 
 
Inclusion criteria were : 
x Post-menstrual age less than 33 weeks and postnatal 
age more than 72 hours, 
x Unusual and recurrent bradycardias (defined as more 
than one occurrence per hour and/or a need for bag-
and-mask resuscitation and/or the intention of the 
attending physician to investigate for a suspected 
infection). 
 
While Exclusion criteria were :  
x ongoing inflammatory response (CRP >5mg/l prior to 
the recording), 
x medication with antibiotics, morphine, cathecolamin, 
sedative drugs or Doxapram 
x intra-tracheal respiratory support, intra-cerebral lesion 
and malformation. 
x The study was approved by the local ethics 
committee. Parents were informed and consent was 
obtained. 
 
  
A sequence of 4096 successive cardiac cycles, i.e. 
about half an hour each, were extracted from ECG 
recordings, and respiration signal and were subjected to 
analysis of heart rate variability parameters. 
Both Sepsis and No-sepsis groups were compared 
using Mann and Withney or Kruskall-Wallis tests. The 
level of significance was set at p= 0.05. 
Representative examples (HRV, respiration signal and 
Time-frequency linear correlation coefficient) in the 
sepsis and non sepsis group are displayed figure 3 and 4. 
Both signals are nonstationary.  
 
Figure 2: Typical square modulus of Time-frequency 
linear correlation coefficient for a sepsis baby. The upper 
traces represent the HRV and respiration signals. 
 
The analysis reveal two distinct signatures: i) a higher 
correlation coefficient for the sepsis group in the lower 
band around 0.2 Hz, ii) a strong relationship in the higher 
frequency band for the non sepsis group.  
 
 
 Figure 3: Typical  square modulus of Time-frequency 
representation linear correlation coefficient for a non-
sepsis baby. The upper traces represent the HRV and 
respiration signals 
 
Figure 4 : Distribution of R2(t,f) greater than 0.9 for a) 
sepsis babies and b) non-sepsis babies 
These qualitative findings were statistically verified. 
Figure 4 depicts the sub-band distribution of the time-
frequency correlation coefficient R2(t,f), over a threshold 
set to 0.9.  
We confirm statistically (p<0.05 whatever the 
statistical tests) that the higher correlation is retrieved in 
the low frequency band for the sepsis group (0.02<f<0.2 
Hz) while an important distribution of high correlation 
(p<0.04 whatever the statistical tests) is observed in the 
non sepsis group for the high frequency (1<f<1.4 Hz) 
(figure 5). 
Several threshold (0.6, 07, 0.8, 0.9) were tested and the 
threshold 0.9 appears the most discriminative between the 
two groups.  
This conclusion is also in agreement with estimation 
of the respiration frequency of each baby. A significant 
difference is observed between the sepsis and non sepsis 
groups (Figure 6). 
 
 Sepsis No Sepsis   
Band med med Test_u Kw 
0-0.02 3.97 0 0.5554 0.5285 
.02-0.2  7.47 2.74 0.0483 0.0483 
0.2-0.4 6.61 5.65 0.4887 0.4887 
0.4-0.6 8.03 8.13 0.8175 0.8175 
0.6-0.8 7.39 8.34 0.0956 0.0956 
0.8-1.0 5.87 6.44 0.191 0.191 
1.0-1.2  4.92 7.84 0.0061 0.0061 
1.2-1.4  4.31 7.29 0.0129 0.0129 
1.4-1.6 1.68 2.40 0.1178 0.1178 
1.6-1.8 0 0 0.8777 0.867 
Figure 5 : Distribution of the linear time-frequency 
correlation coefficient square modulus values greater than 
0.9 in different sub-bands. The grey lines indicate 
significant values. 
 
  
 
Figure 6: Frequency Peak estimation of the respiration 
spectrum: 1) sepsis babies and 2) non sepsis babies 
 
4. Discussion and conclusions 
In this study, the question about the functional 
coupling among respiration and heart rate variability is 
addressed. There are two main results in this study. 
Differently from our initial work [10], the linear 
relationship between HRV and respiration signals is 
computed as a function of time and frequency. Results 
show that the relationships are circumscribed within a 
particular region of the time-frequency plane for the 
sepsis group and a different one for the non-sepsis group 
(it is worthwhile to be aware that frequency-independent 
methods can be blind to relationships set up on a narrow 
frequency band).  
In premature infants less than 33 weeks, with unusual 
and frequent apneas and bradycardias, we observed in the 
past that approximate entropy can reliably confirm or 
refute the diagnosis of systemic infection at an early 
stage. This measure has a good repeatability and good 
accuracy to test for the diagnosis of infection in this 
selected population. These findings corroborate the 
earlier works of Griffin and Pincus et al [12]. 
Nevertheless, in the sick premature infant, the mechanism 
is probably not just a change in regularity. The clinical 
findings here clearly demonstrate that HRV and 
respiration and their relationships could be efficient 
diagnosis tools and may help identifying culture-positive 
sepsis in a population of infants with recurrent 
bradycardias.  
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